We report on a search for the host galaxy of FRB 171020, the fast radio burst with the smallest recorded dispersion measure (DM = 114 pc cm −3 ) of our on-ongoing ASKAP survey. The low DM confines the burst location within a sufficiently small volume to rigorously constrain the identity of the host galaxy. We identify 16 candidate galaxies in the search volume and single out ESO 601-G036, a Sc galaxy at redshift z = 0.00867, as the most likely host galaxy. UV and optical imaging and spectroscopy reveal this galaxy has a star-formation rate of approximately 0.1 M yr −1 and oxygen abundance 12 + log(O/H) = 8.3 ± 0.2, properties remarkably consistent with the galaxy hosting the repeating FRB 121102. However, in contrast to FRB 121102, follow-up radio observations of ESO 601-G036 show no compact radio emission above a 5σ limit of L 2.1 GHz = 3.6 × 10 19 W Hz −1 . Using radio continuum observations of the field, combined with archival optical imaging data, we find no analog to the persistent radio source associated with FRB 121102 within the localization region of FRB 171020 out to z = 0.06. These results suggest that FRBs are not necessarily associated with a luminous and compact radio continuum source.
INTRODUCTION
The progenitors and local environments responsible for the bright (F ν ∼ 0.55 -380 Jy ms; Petroff et al. 2016) , extragalactic millisecond-duration pulses known as Fast Radio Bursts (FRBs) are open questions. Only the single known repeating FRB (121102; Spitler et al. 2016 ) has been localized sufficiently accurately to unambiguously identify its host galaxy (Chatterjee et al. 2017; Tendulkar et al. 2017 ) and permit examination of the burst environment. Its host galaxy, a low-metallicity dwarf galaxy at redshift z = 0.193, harbors a 'persistent' compact radio source (Chatterjee et al. 2017 ) co-located within 40 pc of the FRB (Marcote et al. 2017) . The radio source, and therefore the FRB, likely resides in a bright star-forming region in the outskirts of the galaxy . The persistent radio source has inspired suggestions that detections of bright radio emission may help to identify hosts of other FRBs (Eftekhari et al. 2018) .
However, the unusual properties of FRB 121102 cast doubt on applying these findings to other FRBs. So far, arXiv:1810.04354v1 [astro-ph.HE] 10 Oct 2018 no other FRBs are observed to repeat, despite extensive follow-up campaigns (e.g. Bhandari et al. 2018) . Radio diagnostics of the repeater's host galaxy and circumburst medium reveal that FRB 121102 resides in a highly magnetized medium (Michilli et al. 2018 ) whose rotation measure exceeds other FRB measurements by 3-4 orders of magnitude (Masui et al. 2015; Petroff et al. 2017; Caleb et al. 2018 ).
Here we examine FRB 171020 which has the lowest DM measured to date (114 pc cm −3 ; Shannon et al. 2018) . No repeat bursts above S/N of 9 were found in 32.7d of observations. Despite the large localization region of this FRB, 50 × 34 arcmin at a position angle of 29.6
• (95% containment), its low DM demands a sufficiently close proximity to attempt identification of its host galaxy.
In Section 2 we report the properties of FRB 171020 and estimate the maximum redshift, followed by a search for its host galaxy in existing catalogs (Section 3). We discuss follow-up optical and radio observations of our best candidate host galaxy ESO 601-G036 in Section 4 and compare the properties of this galaxy with the host galaxy of FRB 121102 in Section 5 before concluding in Section 6. The cosmological parameters assumed in this paper are from the Planck 2015 results (Planck Collaboration et al. 2016 ).
THE MAXIMUM REDSHIFT OF FRB 171020
We use the dispersion measure of FRB 171020 to estimate an upper limit to its distance. We assume that the total DM is given by:
where DM MW(disk) and DM MW(halo) are the contributions, respectively, of the Milky Way disk ISM and halo, DM IGM is the contribution of the intergalactic medium along the line of sight, and DM Host is the contribution from both the host galaxy itself and its circum-burst environment. Given the DM of FRB 171020 is so low the contribution from the Milky Way represents a significant fraction of the total. As such, the assumptions used to derive these quantities can lead to large fractional uncertainty in the maximum redshift of the FRB.
At the Galactic coordinates (l, b) = (36.4, −53.6) of the burst, DM MW(disk) is 38 pc cm −3 according to the NE2001 model (Cordes & Lazio 2002) , or 26 pc cm −3 following the YMW16 model (Yao et al. 2017) .
The Milky Way halo contribution is much more uncertain; we assume DM MW(halo) = 12 pc cm −3 calculated by using the excess DM of pulsars detected on the near side of the Large Magellanic Cloud (Manchester et al. 2005) . By selecting the closest LMC pulsars it is assumed that there is negligible DM contribution from the (Dolag et al. 2015 ), but we use a lower estimate here to determine the maximum redshift.
For DM Host , we adopt two different assumptions. One assumes DM Host = 0 pc cm −3 , and the other assumes DM Host = 45 pc cm −3 typical for a dwarf galaxy (Xu & Han 2015) . Note that DM Host includes the halo, disk and circum-burst environment components of the host galaxy.
The two assumptions imply a range for DM IGM of 0-76 pc cm −3 (Table 1) . Adopting the relation between redshift and DM IGM of z ≈ DM IGM /1000 (Ioka 2003; Inoue 2004 ) yields an upper limit on the redshift of 0.02 z max 0.08. Given the low observed DM of FRB 171020, the contribution from the IGM could vary significantly depending on the number and properties of intervening galaxy halos (McQuinn 2014). However, given that the maximum redshift of z = 0.08 assumes conservative estimates of both the Milky Way halo and host galaxy contributions, any scatter in the DM-z relation is compensated for by the large range in maximum redshifts obtained by using the different models in Table  1 .
CANDIDATE HOST GALAXIES OF FRB 171020
The area of the localization region of FRB 171020 (0.38 deg 2 ) and its maximum distance of 350 Mpc (using z max = 0.08 from Model (a) in Table 1 ) together confine its host galaxy to a maximum comoving volume of 1620 Mpc 3 . Taking the lower value of z max = 0.03 from Model (b), the search volume is only 90 Mpc 3 . These volumes are small enough to search for an optical host galaxy counterpart to FRB 171020 in spite of its poor localization. We searched the NASA Extragalactic Database for cataloged galaxies within the FRB localization ellipse, yielding only two galaxies with a published redshift at z < 0.08.
ESO 601-G036
ESO 601-G036 is a B J = 15.6 Sc galaxy (Lauberts 1982 ) at a redshift of z = 0.00867 measured from H i emission detected in the H i Parkes All Sky Survey (HIPASS; Meyer et al. 2004 ). da Costa et al. (1998) list an optical radial velocity of 2539 km s −1 (z = 0.0085) giving a distance of 37 Mpc using the the Mould et al. (2000) model. The absolute magnitude is M R = −17.9, calculated from the SuperCOSMOS R-band after correcting for Galactic extinction.
The probability that ESO 601-G036 is a chance association may be estimated from the surface density of nearby galaxies. The Compact Binary Coalescence Galaxy (CBCG) catalog (Kopparapu et al. 2008 ) list all star-forming galaxies to z ∼ 0.025 including ESO 601-G036. The 0.38 deg 2 localization region for FRB 171020 gives a ∼ 40% chance of finding a CBCG galaxy within the 2σ ellipse decreasing to a 10% probability if located in the 1σ localization area.
To expand this analysis out to higher redshifts we follow the method described in Eftekhari & Berger (2017) to calculate the probability that ESO 601-G036 is associated with FRB 171020. The large localization region yields a probability of a chance coincidence to be 1, meaning that ESO 601-G036 is far from a statistically robust identification beyond z ∼ 0.025. In the following sections we search for other possible counterparts within the search volume.
2MASX J22150112−1925373
This is an elliptical galaxy at z = 0.0667 (Jones et al. 2004 ) and absolute magnitude calculated from the SuperCOSMOS R-band magnitude of M R = −21.5. At this redshift, the average DM IGM implies DM host < 10 pc cm −3 which is implausible for this massive elliptical (Xu & Han 2015; Walker et al. 2018 ). This inconsistency and its location at the edge of the 95% confidence region make 2MASX J22150112−1925373 an unlikely host of FRB 171020.
Candidates from the WISE×SCOSPZ Catalog
Since existing redshift catalogs are incomplete for lowluminosity galaxies, we expanded our search by using the WISE×SuperCOSMOS Photometric Redshift Catalog (WISE×SCOSPZ; Bilicki et al. 2016 ). The catalog magnitude limit includes LMC-like galaxies (M R = −18.5) out to z ∼ 0.08, but is incomplete to dwarfs beyond z ∼ 0.03.
We found sixteen objects with photometric redshifts z ph < 0.08 within the localization region of FRB 171020, including ESO 601-G036. The other fifteen objects all have photometric redshifts above z = 0.04, and are listed in Table 2 . We conducted follow-up observations of five of these candidates with the X-Shooter spectrograph (Vernet et al. 2011 ) mounted on UT2 (Kueyen) of the European Southern Observatory's Very Large Telescope on 2018 Aug 3 UT. Each source was observed at 2 nod positions for a total on-source integration time of 360 s, through slit widths of 0. 9 in the NIR and VIS arms, and 1. 0 in the UVB arm.
A spectroscopic redshift was obtained for only 1 of these targets: WISEJ221621.59−191829.9 at z = 0.024. While confirming this object is at z < 0.03 makes it a more likely host galaxy candidate, it is also close to the edge of the 2σ error ellipse which decreases the probability it is the correct identification. No emission lines or significant stellar continuum were detected in either the UVB or VIS spectra of the other four sources, indicating that they are most likely beyond our search volume.
MULTI-WAVELENGTH PROPERTIES OF ESO 601-G036
Given the low redshift and location close to the center of the localization ellipse, ESO 601-G036 is the most likely host galaxy of FRB 171020. In low-resolution images of this galaxy (i.e. DSS) there is a clear stellar tail just south of the galaxy (separately cataloged by Lauberts (1982) as ESO 601−G037). Bright UV emission of both objects, detected in GALEX images, indicates significant star formation which likely originated from tidal interactions or accretion of a dwarf galaxy companion. In the infrared, ESO 601-G036 is detected in the VISTA Hemisphere Survey with Y = 14.53, J = 14.31, Ks = 13.73 mag (Irwin et al. 2004 ). We estimate a total star formation rate of ∼ 0.13 M yr −1 from the GALEX data * , and a total stellar mass of ∼ 9 × 10 8 M from the VISTA Ks-band magnitude.
The H i Parkes All Sky Survey (HIPASS; Barnes et al. 2001) shows H i emission in ESO 601-G036, with an H iintegrated flux density of ≈ 7 Jy km s −1 , corresponding * This calculated SFR includes Galactic dust reddening and internal dust corrections as per Wong et al. (2016) Table 2. List of all candidate host galaxies within the FRB171020 error ellipse. Where available, optical and IR magnitudes are taken from the WISE×SCOSPZ catalog and have been extinction corrected. Otherwise magnitudes were obtained directly from the WISE and SuperCOSMOS databases (and not corrected for extinction). We report photometric redshifts from the WISE×SCOSPZ to 2 s.f. (denoted by †), but it is unlikely they are accurate to this level of significance. Source names marked by ‡ have been followed up spectroscopically with X-Shooter. A redshift was unable to be measured for six of these sources indicating that they are outside the search volume. a The probability density (scaled to the peak pixel) at that position in the localization region calculated by the detection of the FRB in multiple beams. See Bannister et al. (2017) for further details.
to an H i mass of 2.3 × 10 9 M ** . For a rotational velocity of ∼80 km s −1 and maximum radius of 11 kpc, we derive a dynamical mass of ∼ 1.6 × 10 10 M . ESO 601-G036 is a member of a loose galaxy group, with four other gas-rich members detected in HIPASS at similar velocities. These other four galaxies lie outside the FRB 171020 2σ error region. ** These galaxy properties have been extracted from the HIPASS datacubes and differ slightly from those published by Meyer et al. (2004) .
Optical follow-up of ESO 601-G036
We observed ESO 601-G036 using the GMOS spectrograph (Hook et al. 2004; Gimeno et al. 2016 ) on GeminiSouth on 2018 July 11 UT. We used the B600 grating with a 0. 75 wide slit oriented along its major axis for a total of 5 min exposure time with wavelength coverage of 3700 − 6850Å and dispersion of ≈ 1Å/pixel.
The GMOS spectrum gives a redshift measurement of z ≈ 0.0082, consistent with the H i observations. We see strong Hα, [O iii] emission lines, but little [N ii] emission indicating that this is a low-metallicity galaxy. (Pettini & Pagel 2004) . This is consistent with the upper limit of < 8.4 found for the host galaxy of FRB 121102 . The flux line ratios log([O iii]λ5007/Hβ) ≈ 0.32 and log([N ii]λ6583/Hα) ≈ −1.09 place this galaxy in the star-forming region of the BPT diagram (Baldwin et al. 1981) .
In addition, we obtained narrow-band imaging of ESO 601-G036 with GMOS on Gemini-South on 2018 July 15. We observed for an exposure time of 3 × 180 s using the HaC filter (6590 − 6650Å) ensuring full coverage of the Hα emission from this galaxy at redshift z ∼ 0.008 (Figure 1 ).
Radio continuum follow-up of ESO 601-G036
To search for a 'persistent' radio source, we carried out radio continuum observations using the Australia Telescope Compact Array (ATCA). The initial observations were carried out on 2018 May 27 UT across a wide frequency range to search for a compact radio source in ESO 601−G036 and to compare its SED with the persistent source of FRB 121102.
Using an extended ATCA array (6D configuration) and Briggs weighting with robust=0.5 resulted in synthesized beam sizes ranging from 17. 4 × 4. 0 at 2.1 GHz to 1. 8 × 0. 3 at 21.2 GHz. This gives rms noise levels of 40.5, 13.7, 13.2, 21.1 and 31.8 µJy at frequencies of 2.1, 5.5, 9.0, 16.7 and 21.2 GHz, respectively † . No radio continuum emission associated with ESO 601−G036 was detected at any frequency. Figure 2 shows the 5σ flux density limits reached at each frequency. If ESO 601-G036 hosts this FRB, there is no coincident radio source above a radio luminosity of L 2.1GHz = 3.6 × 10 19 W Hz −1 (5σ), i.e. 600 times fainter than that seen in the repeating FRB.
Subsequent observations were carried out over the entire localization area at 1-3 GHz using a more compact array configuration (1.5D) on 2018 June 28 UT. The increased sensitivity (rms= 13.0 µJy) and lower resolution of these observations revealed a faint continuum source at the center of ESO 601−G036 with a flux density of S 2.1GHz = 240 µJy (with a beam size of 37. 1 × 5. 0). Re-imaging using natural weighting gives a beam size of 83. 8 × 12. 3 and a flux density of S 2.1GHz = 315 µJy and indicates that the source is resolved. Using the naturally-weighted flux density gives a radio luminosity † The rms was calculated from the central 10% of the primarybeam corrected image at each frequency except at 2.1 GHz where the central 3% was used to avoid nearby sources. Bassa et al. (2017) of L 2.1GHz = 4.3 × 10 19 W Hz −1 . As this radio detection is resolved we discount it as being similar to the persistent radio source detected in FRB 121102, which is compact on mas-scales. Figure 1 shows the 2.1 GHz data of the field. None of the candidates selected from the WISE×SCOSPZ catalog have associated radio emission (5σ limits are listed in Table 2 ).
COMPARISON OF ESO 601-G036 WITH THE
HOST GALAXY OF FRB 121102 Table 3 compares key properties of ESO 601-G036 with those of the host galaxy of the repeating FRB 121102. DM host was estimated by assuming all excess DM is attributed to the host galaxy.
ESO 601-G036 is about a magnitude more luminous than the host galaxy of FRB 121102 , and the measured projected size of the galaxy (9.2 × 3.7 kpc) is slightly larger. The current starformation rate in ESO 601-G036 is two-three times lower than in the FRB 121102 host, but the two galaxies are qualitatively similar.
The most striking difference is that ESO 601-G036 does not contain a luminous persistent radio source like that seen in the FRB 121102 host galaxy. If ESO 601-G036 is indeed the host galaxy of FRB 171020, this would imply that not all FRBs are associated with bright, compact and persistent radio emission. Figure 1 . ATCA radio continuum image of the field of FRB 171020 at 2.1 GHz. The orange ellipses mark the 1σ and 2σ confidence localization regions of FRB 171020. Yellow circles are optically-selected candidates from the WISE×SCOSPZ catalog listed in Table 2 , red circles are radio-selected candidates (FRB 121102 analogs) discussed in Section 5.1. The blue circle highlights the position of ESO 601−G036. Inset: GMOS Hα image of the galaxy ESO 601-G036 overlaid with a deep ATCA 2.1 GHz radio continuum emission shown in blue contours. The contour levels are 0.08, 0.09, 0.1, and 0.11 mJy beam −1 . The ATCA synthesized beam (37. 1 × 5. 0) is shown in the bottom left corner. Candidate sources are labeled as in Table 2 .
Searching for FRB 121102 analogs
Since there is no evidence of a compact, persistent radio source associated with ESO 601-G036, we consider whether there are other sources in the field that have similar properties to the host galaxy of FRB 121102, but may have been missed by the optical catalogs used in Section 3. In the SuperCOSMOS passbands the host galaxy of FRB 121102 has optical magnitudes B = 26.2 and R = 25.2 meaning it would be detected above the SuperCOSMOS magnitude limits out to z = 0.06. At this redshift, the persistent radio source would be detected above ∼ 2.5 mJy at 2.1 GHz and be brighter than S 2.1 GHz ∼ 10 mJy if it was at z < 0.03.
There are 23 radio sources with S 2.1 GHz > 2.5 mJy detected in the localization region of FRB 171020, but only seven of these are also detected in SuperCOSMOS. Of these seven radio sources, listed in Table 2 , two are cataloged in WISE×SCOSPZ with a photometric redshift z ph > 0.1, and three have WISE colors consistent with Luminous Infra-Red Galaxies (LIRGs) or QSOs indicating that these are likely background AGN. The re- maining two galaxies were observed with X-Shooter, but no Hα was detected indicating that these are at z > 0.1 and therefore likely background AGN. As such, we find no sources with similar observed optical and radio properties as the host galaxy of FRB 121102 out to z = 0.06.
CONCLUSION
We have searched for a potential host galaxy of FRB 171020 and found ESO 601-G036 to be the most likely candidate given its low redshift and position close to the center of the error ellipse. UV imaging from GALEX and follow-up spectroscopic observations reveal that ESO 601-G036 is a low-metallicity galaxy with a star-formation rate of 0.13 M yr −1 , similar to the host galaxy of FRB 121102. However, no compact, persistent radio continuum source is detected above L 2.1GHz = 3.6 × 10 19 W Hz −1 , 600 times fainter than the persistent source associated with FRB 121102. There is no galaxy within the localization uncertainty region that has similar properties to the host galaxy of FRB 121102 at redshifts z 0.06. This suggests that not all Fast Radio Bursts have an associated 'persistent' radio source. As such, identifying host galaxies based on the presence of a compact, luminous radio continuum source may not necessarily help in identifying host galaxies of FRBs.
